In laboratory experiments involving wind or water turbines, it is often desirable to correct measured performance for the effects of model blockage. However, there has been limited experimental validation of the analytical blockage corrections presented in the literature. Therefore, the objective of this study is to evaluate corrections against experimental data and recommend one or more for future use. For this investigation, we tested a crossflow turbine and an axial-flow turbine under conditions of varying blockage with other non-dimensional parameters, such as the free-stream Reynolds and Froude numbers, held approximately constant. We used the resulting experimental data to assess the effectiveness of multiple analytical blockage corrections for both turbine types. Of the corrections evaluated, two are recommended. However, as these methods are based on axial momentum theory, we observe that corrections are more effective for thrust than power. We also find that increasing blockage changes the local Reynolds number, which can affect turbine performance but is not reflected in axial momentum theory.
where τ is the measured torque, ω is the angular velocity of the turbine, ρ is the fluid or exceeded the free-stream velocity. According to theory, A 1 is measured at the stream-207 wise location where the pressure between the core and bypass flows reaches equilibrium. 208 This point is ambiguous without spatially-resolved pressure measurements, which were 209 not available for these tests. Therefore, the wake area was estimated at each of the stream- 
where the prime denotes an unconfined value. The methods considered in this section are 216 based on axial momentum theory applied to an actuator disc in either closed channel flow incoming flow is uniform, the propeller (or turbine) is two-dimensional and has an infinite 225 number of frictionless blades, thrust over the entire rotor is uniform, the wake does not 226 rotate, and the effects of boundary proximity and channel aspect ratio are insignificant. 227 Given performance data collected at a constant operating condition in confined flow,
228
Glauert's method computes V 0 , the free-stream velocity that, in an unconfined flow, would 229 produce the same values of thrust and stream-wise velocity through the rotor (u T ) at the 230 same angular velocity, i.e.,
Glauert does not specifically address power, but to correct C P , subsequent authors have 232 invoked the definition of power absorbed by an actuator disc,
Combining Eqs. (7), (8), and (10) yields 234 P = P.
Dividing Eqs. (4)-(6) by Eqs. (1)-(3), respectively, and using the equalities in Eqs. (7), 235 (9), and (11) yields expressions for C P , C T , and λ as functions of V 0 :
For a turbine, blockage increases u T for a given V 0 . Therefore, the free-stream velocity that 237 gives the same u T in an unconfined flow is typically higher (i.e., V 0 > V 0 ). By calculating 238 the equivalent unconfined power coefficient, thrust coefficient, and tip-speed ratio using V 0 ,
239
Glauert's correction can account for the performance increase that a turbine experiences 240 in confined flow.
241
The equivalent unconfined free-stream velocity V 0 is estimated by first applying the principles of continuity, conservation of axial momentum, and the Bernoulli equation to 243 an actuator disc in confined flow. This yields a system of four equations,
where u 1 is the velocity of the core flow and u 2 is the velocity of the bypass flow. It should 245 be noted that Eqs. (15)-(18) apply to an actuator disc that extracts energy from the flow 246 (i.e., a turbine). Therefore, the thrust in Eqs. (17) and (18) 
Combining Eqs.
(2), (7), and (8) with Eq. (19) yields a solution for V 0 :
Once V 0 is known, the unconfined coefficients C P , C T , and λ can be calculated for each 
The solution is found by guessing a reasonable value for u 2 /u 1 and solving Eq. technical report [19] does not appear to be publicly available, given limited comments on blockage corrections in subsequent work [43] , the primary reference is unlikely to contain 285 more detail than is presented in the secondary sources. overdetermined. The correction consists of the following four equations:
Once u T and C T have been calculated, the unconfined velocity V 0 can be found using Eq.
295
(20) and the unconfined turbine performance parameters calculated using Eqs. (12)-(14).
296
This method highlights the fact that Eqs. (15)-(18) can be solved multiple ways, as long 297 as adequate measurements are available to close the system. 
where the expressions for C P,max , C T,max , and u T,max are given by the well-known Betz 
Applying Eqs. (8) and (14) to Eq. (33) yields an expression in terms of the tip-speed ratio,
Based on an independent re-derivation of Werle's method, Eqs. the equations should be given as
However, because the purpose of this study is to evaluate blockage corrections as pre-313 sented in the literature, the tip-speed ratio correction given by Eq. (34) was applied to our 314 experimental data without modification. can be rearranged and expressed as a system of two equations:
As with the closed channel model, analytical solutions to Eqs. (37) and (38) do not exist.
323
However, specific solutions can be found using an iterative method. To apply the correc- through the turbine can be calculated as
. was applied only at the tip-speed ratio corresponding to the peak power coefficient. There-366 fore, the error of each method was estimated at this single point as well. The shading represents the measurement uncertainty at each tip-speed ratio, as estimated from the interquartile range of cycle-average performance. In some instances, the uncertainty range is smaller than the plot markers, and therefore not visible. Therefore, any gains in C P caused by higher flow speeds through the rotor are negated by 383 increased dynamic stall. However, as shown in Fig. 5 , an increased blockage ratio has a 384 negative, rather than neutral, effect on the power coefficient of the cross-flow turbine at low tip-speed ratios. As prior studies are based on numerical simulations, this discrepancy 386 could be explained by the difficulty of accurately modeling dynamic stall.
Results

387
As described in Section 2.5, the cross-sectional area of the wake downstream of both 388 turbines was estimated from velocity measurements. Table 1 presents fined performance curve. Although some discrepancies remain, the correction generally 398 accounts for the effects of blockage on the power and thrust coefficients of both turbines. Fig. 9 . Overall correction performance at tip-speed ratios corresponding to peak C P for cross-flow (a, b) and axial-flow (c, d) turbines. Mikkelsen and Sørensen's correction is for the downstream wake measurement that gave the closest correction to unconfined data. The closer the corrected performance is to unconfined measurements (black circle), the more effective the correction. Uncorrected performance is shown for reference (gray triangle). full C P and C T curves, as wake data could not be collected in a timely manner for all 415 operating conditions. All of the values for A 1 presented in Table 1 were evaluated, and 416 it was determined that X/D = 2.25 gave the least error for the cross-flow turbine and 417 X/D = 1.75 gave the least error for the axial-flow turbine. For comparison, the results of 418 applying the other corrections to the peak C P of each turbine are also shown in Fig. 9 . . Both studies found that Maskell's correction performed better than 566 actuator disc methods for highly loaded turbines.
567
Maskell observed that blockage corrections based on actuator disc theory were inade-568 quate for objects that produced a bluff body wake. Maskell's blockage correction is based 569 on momentum theory coupled with an empirical description of wake behavior. The deriva-570 tion assumes that the bluff body wake is axisymmetric, the flow is uniform and unidirec-571 tional, and the blockage ratio is small, such that higher-order terms of β can be neglected.
572
The correction calculates the free-stream velocity (V 0,b ) that, in an unconfined flow, would 573 produce the same flow speed past the object (u 2,b ). Note that u 2,b is the velocity of the shear 574 layer downstream of the bluff body and is distinct from u 2 , the velocity of the bypass flow 575 in actuator disc theory. Given measurements of u 2,b , V 0,b , C T , and β, the ratio u 2,b /V 0,b can 576 be calculated according to
With u 2,b /V 0,b known, the equivalent unconfined thrust coefficient can be estimated as
Since u 2,b = u 2,b , Eq. (41) reduces to
Although this correction is similar in form to Eq. (13), the unconfined free-stream veloc-580 ity is that which gives the same value of u 2,b between confined and unconfined conditions, 581 rather than u T . To apply Maskell's correction as presented, it is necessary to have a mea-582 surement of u 2,b . As for Mikkelsen and Sørensen's correction, it would be difficult to 583 identify an unambiguous location to sample this value for an experimental turbine.
584
Rather than applying Maskell's method exactly as formulated, past studies have ap-585 plied a correction inspired by the theory. Whelan et al. [26] assumed that, when operating 586 in a highly loaded condition, a turbine responds primarily to the bypass flow rather than 587 the flow through the rotor plane. This allows C T and λ to be corrected as such that actuator disc methods are invalid. Nevertheless, both past studies found that Eqs.
594
(43) and (44) were more effective than actuator disc corrections when the rotors were more 595 heavily loaded.
596
As the bypass flow adjacent to the rotor was not sampled in our experiments, we fol-597 lowed the method of Whelan et al. to correct C T and λ using a Maskell-inspired approach.
598
For the sake of investigation, we also corrected C P as 599
The results of applying Eqs. may be effective, but is not guaranteed to be more effective, even when the rotor is highly 609 loaded. The physical justification for use is generally weaker than for axial momentum 610 theory, and obtaining a correction factor directly in experiment is likely to be similarly 611 problematic to obtaining the wake cross-sectional data necessary to apply Mikkelsen and an approximate expression for power is required. Here, we demonstrate that for relatively 624 high blockage, this leads to higher error in the C P correction, which is unfortunate, as 625 the power output of a turbine is often of greater interest than the loading. Despite the 626 limitations of these methods, they do reduce the effects of blockage on performance data.
627
Encouragingly, two of the methods resulted in less than 20% mean percentage error for the 628 power coefficient of the cross-flow turbine tested at a blockage ratio of 0.36, experimental 629 conditions that resulted in a change in the local Reynolds number and likely violated many 630 of the assumptions of axial momentum theory. The same two methods gave less than 631 30% mean percentage error for the power coefficient of the axial-flow turbine tested at a 632 blockage ratio of 0.35. It should be noted that the errors shown in Fig. 10 are specific to the turbines and test conditions in this study and should not be taken as indicative of the error associated with these blockage corrections for other turbine geometries or test conditions. performance coefficients. Subsequent studies have used his statement that the thrust, angular velocity of the turbine, and flow speed through the turbine remain constant between
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